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Research Objectives

The goal of this program has been to obtain some or all of the follow-

ing information regarding highly excited vibrational levels of 03:

1) Total photon energy uptake in CO2-laser-pumped 03; intensity

and pressure dependence.

2) Detailed vibrational state populations in multiple-infrared-

photon excited 03.

* 3) (v1v2v3) (vi vi V; ) transfer rates as a result of collisions.

4) Spectroscopic description of high ground-state vibrational levels.

5) Vibrational level populations in 03* B2).

6) Hartley band dependence on ground-state vibrational energy content

7) Rotational relaxation times in 03-M collisions.

8) (v1v2v3)- dependence of Einstein A and B coefficients for

Avi = -1 transitions (i = 1, 2, 3).

Questions (3)-(5) and (8) are applicable to interpretation of the

infrared chemiluminescence (COCHISE) experiments: question (6) is appli-

cable to estimation of photodissociation cross-sections for "hot" 03 in

the upper atmosphere.

Experimental approaches have included infrared-ultraviolet double

resonance using a pulsed CO2 laser and a broadband c.w. u.v. source, and

Coherent Anti-Stokes Raman detection of ozone in vibrationally excited

states.

The results of the i.r.-u.v. double resonance experiments are reported

in journal publications reproduced on pp. 2-7 and 14-22; a spectroscopic

model for interpreting results will be found on pp. 8-13. Two additional

sections describe ongoing CARS experiments on 03, and an assessment of

the contribution of NIN to upper-atmospheric radiation.

.. .....-- .. . . ...- , .. . . .. . . .
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VINRATIONAIL ENERGY ThANSFER IN OZONE
* LIV lNPRANW-ULTRA"IOLIT DOUBE RESONANCEk

S.M. ADLER-GOLDEN and J.1. STP.INFELD
* .~~ Orpearnt of Owetry. UAfsscheA mwz ai d roloy, Cekpg, Mmenahuseus 02139 USA

Received 8 September 1930

Absoipton Wa~abt at 254 an have been obbenWe in 0X-%2 nitures fohlswift lowe irtadiadioe at 0.64 go. Fmm
analYSiOf OWt Whes e ftd, we afe "b to ddftttbw vfrthMkd relaxatot rate CWSW~ss (03-0%) A j'/[02 j'W
(2560*311)Torr 's ". Aj'/02J=(W4*50)Tbsf ss-. and abo a to,-u3 eqaailibratloa rat conatant (03-03) of1(1.5*

1. liosiudhaIn tid. papet we report an IRUVOR experiment at
254 no (Wea the peak Of the HIArde *Winuum)

In recent years, a $rW eat teds in the Study Ot Wh"d pWIea raft mans Ro am of the efergy
vibratkonat eaeled am Ife. de -eaped~ pe . tranoter proomn in owns, namel,
ladfy becaus of its possibl iel in tabqhei
chemistry*. Conveniently, vibrathinal excitation of the 03"(001)+ M =*$:'t ' O(log)+M, (1)
asymmetric stretching made V3 Of osn-e may readily 1

e aedby COrI w alati.; m k -Ph"" 03100t)
excitation and diuoelad=Mou 03,0(100)) ui3 ndele+ o(1)M 2
have seeendy~ been reported [21j Nmasn jajg a'(0
using laser exctation have been carrded WAn to and
determine t kiet of vlbretma enuM flow in
Oz~ftUd~r~fbyViM A taosCOd.Parknesf. 0S(@1O) + O(OO) +M, (3)
Most of the kinetic ar1matie s dat has been

ob in~tera nd ysuj-6taby wheeM-0oir anadded buffer sand the krefer
an ladheet aehmodhuedon the 'hmhdean
tection of tvlbftbAtliy edWd mnam with W (7- tO fiM-*der Mes COsnts. The buflr gas md in
9). Recently, a new tedilue ha beoo reported (101 this study was oxyn, bour for wanveaeme s ad
in tinitesoved altravie absorption spew,. bwamsed Hatratore k ow eatess b hr d- o

opy at 310 am following COIn liraito (35 7, Values o he tend..rdr rate wewau
(IRVDI. I wopoitedoa ik th inetet far 3-O cMiblmk k 4 )2O/Js1 were obtained for

(IIWVk). t wa poited ilt hat he ~prcksae (2) aid (3) and wert fovnd to dimply bothadvantasof IIWVDR are hig sinal-o-noiae - ,
*mio and fast tioe resone. Noiever, the rats UO pi adpd31" Op jwlt
consat obtained i. that sudy Were Wo Vnes-uevaus.l Current WokWknot a

VAdew t peeuon to permit mWl th" rOug ad.i
hipoul lner~wma. ~d n - cass wre 1 lw ates of thme rate =ona in (1), do"s reresen the
- .~~A firt ported abservation of tha kineti proess.

The rationale for using UV absorption specta.
For a reen review of owone *%wochemiuary and spe- copy to probe vibratkona energy content in aone ha
"own". mse ref. IlI]. been diecuased by MeDade and MeGfath (10]; in
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essnc, vibrationa excitation lead to a chaop in tLm
the eutinactioaoflicient at a give wavelengt. The
absorpton spetrvam of a particua vibrational levelahst Ii

*is asyet uknw, atgd*a We"ta anls hasVV3.
been conjeture by SOwn. amd other [12, 13]1
basd on the tempeaure depedenc of the Hatley 5mfle

continuum absorbac. Two points do seem dea: P2

findty, the (010) leve has the same or nealy theo"~02
sam extinction coeffiient uasgrund-ate ozone,
parteicry at the peak of the spcm nar 254 am.
secondy, the combined (100) and (001) leveb

* ~(roughl eqal in population at and abov rooma
temperature) have a much brouae spectrum, hen a cmo
greaty deese extinction coddien at 254m
compae to groud-state osm. lime, the eapc-
tatoR k that C02 lase irradiation hines a anet
decras in the absorbanos at 254 wim roughl in fte 1. Seen s ofpa . mpsulmnWI appwtm
roprt"ionto tecmbined (100) and (001) leve
pqNopultlnwhich ane msumed to be in hermi
equgium dho*d dtw the lae -. M*~ pvdi- ofe puwno th 10()0 0 (0 linegivindionhaabbes boneout byth curen F pBIab tW OApg km durlo *WW a lo00 b(ehi)

tuldatmmi hunt has bwee. obied by MaNds (RCA SF28 feO acre. a valabl resi"anc
and c~rth [01;we lso bsevedthisels I.(ml kfl) toea isatlon 820 waeforeorder

cone.aTo aimpiou r comatnt Meaunm, puhmu sipd1 vralqdisplaynduaalsi.wt o kdmw ourele no m ik.m WIut Ty**el %0 U 20 bee -~ were aeragd peWC old 14 ow e a In IB M A fda m ita n oT thee rapo ne Of the el ctro ic was
esihatd fa to 0.2 js. Sipa 3lyi w' accom-

p~hdby dsd me-ohkif iood by a non-inea

A Whmal u8 Of 08U~es~
-4 fig. 1. The UV absrpt e"Im P9 q21n

der 20 cmIMand 2.5m = id Sit d withs end 3E mdhf
windows and uv-Uad past sdft wbue 0010
whic the UV bum was passd tremeem 06 the 0R TyphIisa *O 2aerndd 2b.shm&uacd tiasft

5 to 50Torr o A1% 10 1% sirftn@ueuaehjofob recs min ene and w d ul t 10 d*oyn.hMw- wap ppre krm aslWda- (.. fatSa the. od afdways eo~dlug to th
195 Theeqp Ist abS dei~ fro~mte cold popuatosdcsd by a - 84 A NuOW uda

trap and tha was fre df Meheu The teW prssI fum t[. The soli cuv is .a d a-m t leat
in IM Oe wa messurby aU4bmainee 8q011t0hWOWulng2bthealoir 1Us~O it Halocbmn 100/100 o1, and the omn prsue of (h adu 0. the idcton tee" is

coueadI WIsNioe by U3V absopelim The ad 9 daoniatn ht it wa hfom a kinetic
UV sourc a a Heat U-701-50dmssu
Gosdwvtha 253.7ml OWr 710hsrThlit *A dulPO d m emdu OW*--
pdsea MProvedby TachlstTac 11TlA CO m be oodias .113
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0Th Two quatites wh"c arn relate to the frt-order
raW cONStant k1 and k2 are AW~ a AV, the i"wn
letim" amociated with the two euesmitiu decay

067?7 OOPMI, th eainhpbtw O quos-
titlese givSe, by Rais and Cool (31 Corrospond-

z ingly related to the second-order rat constants ame
I the second-order inVers lifetimes (A 'eO$r'/(h]

0.444 and, (A *-''/(Q]; thes are the constan6 Which
htoe bee the most commonl meard by othe
workers. We computed theme secoad-order invese

0.610, m ~ L J L ~etmos for eac dao -o from the sacond-orwer
0.00 0z0 0.04 0.06 0.06 0.10 rt osat eemndaoe

Time (mseci aeca"sdeemndaoe
(0)It was 11ound dhat, ouft the above anlyuis, a

* ~0.193-sseai error appeared in the ueoad-oder
constat, asely, a ah dea (x*2O%) a hMob
WoiW J 7i WQTW.A Oprmrsa
oeate wthhih egee of loer 41*80lo, w

Of vibratona level hAvl$ 0 > I. 7Ue kieti squa-
tdon, Im be corrodted to accoust for vibrational

0.00 0.02 0.04 oo 0.00 Moo .10 en otI In those highlyin levels and the
Tim* (mmc) dade of tha" lewl on the extictic oefeat at

Fla, 2. TxWiu iaw-ladvood shswbsqp froaulesas is se 2541 amusit bo aested. 7% e vcorection.
at 254 uM. (0) IxWeimesmuI 04,dadetd vowame s consist 'aery of the repimemenat oxemlled now.
0 O1a 0 -29. om. (bil O.V~WWW a"ein "od es Populatien 9by total eowm vibatinal eamrp
on t[h -' 12.9 Ta Tw kqasutained 10 the a't and ',3 mW~OW (3.141. The

jutoes OW I'M-2. Tmo by Is be* Ta'sft second correction Is mat readily 0 deied as It
detot p. sw d~j by . s ash'pssO knowledge of the Hartley Coputnuni sec-

"owp of NOg 0 levels. However, a sm.~ia
approach is avalasble. Siona and other (It 1.1

proces rather than a letrumeutal ofact We have modele the Hartley contdnum usin a qued-
*0um 1hspe to he the fast',j Ot '. equilbi- diatcmic pctureIn wic the apecluve depesds

1% AWOr rate ceusat k I and ka war m"l.Te tempersture depemip.e of die
determined two selctd traps VAc "sin Ag. 2. absoac maxim"m of a diateme molecule Is
where the s~guI-oolse ratio, W". aood enug dsibed mather wall by the Suluer-Wielad equation
and the observation tim waS sWlety o dtmt (15,16],

'.b4t compws t of th*ay werY W" Waleu1mimed. T-A[AW1.T 4
The mainm coatribetln so the obsw~d M" is du sToj~~/A)J~ 4

03-: ;ftmundr o satiPOWwadtios, where (OUT? is the me vibrational energy including
I%%s we mwo able to obtaln OrQ sood-order saeroin - eer at temperature T ad AT is the
(bmolecular) rot ceacSnt, k?'oa/!Od by ababnce at tha temperature. To apply this "Wston
smbapct from the fart-order Ino ada" and to en, L Must be understood a the average energ

conlboios riingfrm ,-O slltlesasca- containd in die P, manifold or, alternatIvely, the
cialaed from literafeto on f [4) t (~* roughlyequal qu tiisof enery ntainedin eithe
sawed that at the esi pressure mod the hisue or the hypothetia mode i - (v'i + vs)12 defind by
of both dms. and s.08NOscu reasdiaes Rose n sd Cool 13. We have usod eq. (4), with die
my be - e01 wted. apreumatin. of the doubly degpenerate mode ; as
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defined above, for an improved analysis of our data. Our
resu (table I and fig. 3) show that this method of A

analysis does indeed remove the systematic rate
constant error described above, as evidenced by the T A
absence of any pressure dependence of the second-order .
inverse lifetimes (fig. 3). To.e. a.2560

It must be cautioned, however, that the observed A

empirical success of the Sulzer-Wieland equation as oo
applied to ozone in no way implies the correctness of .3 A

the qussi-diatonic spectral model. We are currently
carrying out a more accurate treatment of the ozone
spectrum [17] based on both wavelength-dependent
experiments and ab initio calculations [18]. Prelim- ,
inary indications are that the quasi-diatomic model 00
is substantially incorrect. Avero- e .40

The current values for the 03-02 bimolecular rate
constants and inverse lifetimes may be compared to 4 1-_. 0 6o

previous literature values (table 1). Our value of 0o20 o0°)
(A o-o )-/[02] agrees excellently with the deter-
mination via IR fluorescence by Rosen and Cool [31, Fig. 3. bimolecular inverse lifetimes AV'"2/[O12 and
but is substantially larger than values obtained by A2 1-2/[0 21 denoted by 0 and Ai, respectively.

Kurylo et al. [7] and West et al. [5]. However, it has
been pointed out that the NO chemiluminescence
technique used by Kurylo systematically under- progressively inaccurate as the decay proceeds to
estimates the true decay constant At , especially for longer times.
low values of a - k1/k2 (9]. Using our current a The accurate determination of k13 and k3l from
value of 1.6 one expects about a 25% error in the initial portion of the transient (see fig. 2b) was
Kurylo's measurement. There is also reason to hampered by the poor signal-to-noise ratio at short
believe that the West (5] measurements of both A 2' time scales and by rf interference caused by the laser.
and A via IR fluorescence are also too low, as their The expected shape of the transient would consist of
analysis relied on an approximation valid only in the a nearly instantaneous absorbance change associated
limit of high laser excitation [3], a condition which with the laser-induced population of the (001) state,
was no experimentally verified and which becomes followed by a second absorbance change occurring

over several microseconds which would be associated
with energy transfer to other levels within the P, and

Table 1 P3 manifolds, principally (100), until equilibrium
Comparison of values for the 03-0% second-order rate within these manifolds is established. The observed
contants and inverse lifetimes (Torr I a I traces (fig. 2) are consistent with this model as far as

can he determined. The magnitude of the instan-
This Rosen Kurylo West taneous absorbance change is masked by the laser

, wore*  and et al. [7] et al. [5]wo Coeol [3 noise but it is certainly smaller than the maximum
C "[absolute value of the transient, since absorbance

kl[O(] 1670*370 - - 1200*600 decreases as the ,w iP3 equilibration proceeds. An
k2/[02 990*110 - - 650*200 immediate conclusion which may be drawn is that at
An/[O] 2560*370 - - t34 t0*11&b 254 nm the (100) state is more transparent than the
. A,/[OaJ 640*30 625*125 425"*40 4301b (001) state.

. Exrois are 95% conflidence limits. Given the poor quality of the data we have not
b) Frmm pubihed values of k/[02] and k2/[021 attempted to fully model the transient. Instead, we

482
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SUM RULES FOR MOLECULAR ELECTRONIC SPECTRA:
APPLICATION TO EXACT AND REFLECTION PRINCIPLI SOLUTIONS

S.M. ADLER-GOLDEN
Depm, tisent of Chemistry, MAkzchuretts khifilute of rechnoloy,
C-mbridp. Mf$echusetu 02139, USA

Received 13 July 1981

Sum rules for overlap integrals are presented which give the width and mean frequency of an electronic spectrum as a
function of potential curves and intenmi dnetaj. Exact quantum mechanical results are compaed with both the tradditional
reflection principle and a modification of it which conserves momentum. Applications to real spectra, particularly continu-
ous absorption spectra of small molecules, are diacusie.

1. Introduction reflection principle, which led to incorrect results. In
addition, exact and approximate expressions for the

The intensity distribution in molecular electronic overlap integral, including two distinct forms of the
spectra is generally given by the Franck-Condon into- reflection principle, are compared via the sum rules,
gral, the evaluation of which is sufficiently incomne- and applications of the theory to experimental spectra
nient that approximation methods and qualitative at- are discussed.
guments are often invoked. As a first approximation,
one frequently assumes a constant electronic tiansi-

* tion moment, reducing the problem to the computa- 2. Dstomic meles
tion of the squared overlap integral, l('f I#,)12 il,
where V 1 and *f denote initial and final rovibrational Let V1(q) and Vi(q) denote final and initial effec-
wavefunctions. A second, more drastic approximation, tire potential functions of coordinate q, and define
such as the "refiection principle" ('dolta function ap- &V - V(q) - Vi(q). Define
proximation") [2,3J is often used to evaluate the over-
lap htegral. Qualitative arguments have been drived ((/w)) = i
from the reflection principh, as, for example, the f
commonly held but false assumption that enhance-
m ent of vibrational ener necessarily red-shifts an namely, the mean or expectation value of (hp) n for~the electronic spectrum arising from the rovibrational
absorption spectrum and blue-shifts an emission spec-
trum [4-61. level i. (To compute the mean from a spectrum, the

Ideally, principles by which electronic spectra are intensity ust be converted to an overlap integral
a s d ru msquared by dividirg by an appropriate power of (hu)," ' analyzed should derive fronm exact quantum mechan-

4 ics rather than apptoimicos. In ts paer sm and by assuming a constant transition moment [ 1.)
rules for overlap integrals are presented which yield The sum rules are:

exact quantum mechanical expressions for the width ((ku)") a (01l I(A VP 1i )  n = 1, 2 only. (1)
and mean frequency of an electronic spectrum with-
out requiring the actual computation of the overlap For shorthand we may denote the right hand side as
interals. Previous work in this area r5) relied on the ((AV"). The proofs derive from elementary operator

( .i-O104/82/00-0 0/$ 02.75 0 1982 North-Holland The U., Govwn~ee 1s authmtmm4 to ISI uve luan s ll this WNrt

Permlsson for further reproduction by othur mnt be ot aned frt
the copyright owner.

* .oI.*tire . -olrIt -ii.
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changing the vibrational energy content, essentially
vf by altering the zero point energy. Rotational energy

plays a somewhat different role. In the Q branch ap-
proximation (A! = 0), which works quite well for dif-

\, v fuse spectra, A V is unaffected by rotational energy,
p a a . e sfas the same centrifugal terms appear in both effective-- ic potentials, Vf and Vi . However, Oi(q) is shifted to a

v', -o longer distance, thus (hv) will shift according to the
behavior of AV at that distance.

The sum rules are most useful for continuous,

Fi 1. Model potentials, Vi m q2/2, Vf - (wf]Wi)2(q - 6)2/2 bound-free spectra, where the lack oivibronic struc-
+ C Energy and distance are dimensionles (nery is in units ture precludes a conventional analysis. We must re-
of *li). place the sum by an integral in the definition of

((/wy'); Le.,
algebra (see appendix), yet the existence of these iden-
tities appears to be unknown to the general spectro- ((hi)") = (
scopic literature. 1 O,)

Eq. (1) yields both the mean frequency, (h'), and
the variance, v2 - (0) 2) - (hi) 2, of the spectrum. where Ef is the (continuous) final state energy and the
The quantities on the right hand side are readily eval- final state wavefunctions are appropriately normalized.
usted matrix elements. For example, with harmonic Eqs. (2a) and (2b) for harmonic oscillators may still
oscillator potentials (refer to fig. I for definitions of be used, provided that Vf as well as Vi may be ap-
8 and C) the results are proximated by a quadratic function in the Franck-

IE(Condon region. The value of wf chosen for the final
" I EI(R - 1) 4 R6 2/2 + C, (2a) state should be that for the best quadratic approxima-

- (R52/2 + C2tion to Vf in the Franck-Condon region, regardless
ti)--2((hi9) = 22of whether Vfis bound or unbound.
+ E1[(R- 1XR8/2 + C) + (RS) 21

+ I(E, + XR_ 12,(2b) 4.PLysadoe lecls

where Ej = a/ + 1/2, the initial vibrational energy in Several assumptions are required to apply this
dimensionless units, and R - (wc/wi) 2 , the ratio of treatment to polyatomic molecules. Let the initial

4 curvatures in the final and initial states; wf and w, are and final potential functions be given by, respectively,
the corresponding vibrational frequencies.

Several concludions readily apparent from eqls Vr Vi + C + k (qj ),
(2a) and (2b) regrding the influen of internal ener. wr

g, on a spectrum. It is men from (2) that vibratona whom qk is one of a set of/ normal coordinates refer-
energy In the initial state affects the memn frequency enced to the initial state equillbrlumn geometry. Let
according to the relationship between the Froud and the wavefunctions be separable according to
excited state curvatures. If " - wt the mean fre-
quency Is invariant. However, vibrational excitation
always increases the width of a spectrum. Isotopic (q), 1
substitution will affect the shape of the spectrum by
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and the total energies be expressible (in dimnwuloed (w 1 - 82/2 -(' e +)/2 for the exact overlap In-
units) as tegral while the reflection principle predicts (kw)/hc i

, 82/2 - (W? + J). Clearly, the reflection principle errs
E.-- - T+Vi (substantially, especially in its prediction of the mean

frequency at high u levels"

The source of these shortcotings of the reflection
S=C+principle ies In its inorrect treatment of momentum.

Ef=aT+ f Mt + A~k + i), (3) The physical Interpretation behind eq. (5) is that the
electronic "jump" occurs vertically at a particular in

where Tk denotes the k-coordinate kinetic energy temuclear distance q to the Wnal state whom turning
operator. It may be shown that the sum rules smoci point Is at q. The final state momentum at q Is there.
ated with the total overlp integl squared are fore zero. regardless of the initial state momentum.

a The reflection principle thus violates the conservation
(h -CY) ( AV) 1, 2 ol (4) of momentum, a principle whose applicability to ele.

tronlc spectra was stated by Mullike [71 d has been
confirmed by semiclass1a calculations []. To con-

The right hand ide s decomposable into a sum of seve moMentum one must require that the jump ter
bracketed quantities which may be computed from minates instead at a state having energy Ef such that
eq. (I). For example, the mean and variance are giVen its kinetic energy, Ef - Vg q equals the initial kinetic

,:4 by energy, 9 - vj(q). This modction leads to an alter-
native reflection pinciple expression,

(hp) =j (A Vk) + C, 1%1#01 ) 2  j#I&()jlj"idAq-j, (6)

02 2, where In= A (q). This modified reflection principle
k-1=4, has the interesting property that, when used to com-

pute mwn values ((I)*) for condainu us , eq.

where (1) is stlsfid for i n. That is. the modified reflec.
ton principle correctly predicts the mean frequency

S- ((&gk2 sg. ad width, but fals to correctly predicttites
PP>.(), etc. For discrete spectra eq. (1) is not strictly

Thus, as with the diatomic case, the spectral width satisfied, since quotization of AV restricts AP(q) to
and mean frequency may be readily computed with- discrete values, althoush it is inherently a continuous
out overlap integral evaluation, variable.

s. The reflteddu pdblm e

The reflection pnciple expreion for the ovelep Ewmp* A. Hamonk potenitf: , ' = 0.
integral squred for a diatomic molecule is 131

(4 0 fThe exact overlap integral squared for this model
l(* )I1 Itt(q)12 ldVf/dql 4 I- () using the initial ground state wavefunction is the
where in and q are rMated by hP " g(q) - Ej. One PoIso distribution fmnction [93
way to asme the accuracy of this expression is to use 2 u"
it in computing the men frequency and variam and ,<*r1*t 12 We6'/,) e6' (7)
compar the reslt with the exact oluon, sq. (l)
For eamle, let us couder the sipl model in whe W' is the final state vibrational quantum num-
which Vf Is linear, Vr 6 1/2 - q9. Eq. (1) lives ber. The reflection principle solution (RP) is

::i 7
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0.10 model the proportionality of U2 to Mean vibrational
, ' energy is rigorous: for a distribution of vibrational

% levels whose population in level v' is P., we have,
% from eqs. (2a) and (2b),

CLO5 This relationship clearly holds even for non-
Q04-Doltzmnann distributions.

~~O3 Exampl C Con tumous wechw of halogens

0.01- As noted previously, the overall shape of a spec-
trum is largely unaffected by the behaviour of the60 21 SI 02 4~- potential functions outside of the Franck-Condon

v region, so that overlap Integrals applicable to discrete
spectra may als be Used. with suitable modification,ft2 O,.p jateps square verm &d. state vhatoouJ for bound-free spectra, or vice-verse. For example,

quatu numbr~xm t, for ii~ p 8*6 -S t Matoi the Potentials in example A can be applied to a con-

ex{[( *2u) 2 J) (8) gfU". (TheiBr2 potentials strongly resemble those in
[sr~ + 2i')J1/2example A in the Franck-Condon region.) The result-

and the modified reflection principle solution (Mlp) Ing expression is a good approximation to the correct
is the gaussian function overlap Integal as confirmed by the fact that the dia-

crepmncY between it and the RP expression (eq. (8)],
R*,I* 1)12 w exp[-(3/2 - W'1)21 -(9) 0% is the same as that found between the exact and

8,/2RP resultuin the ir2 calculations [111.
In ftg 2 we display results for 06. Wh1& asex- EwSp .A Dow W t of po&WaONdCz smpleplalned earlier the MRP yields a slightly more acrt
value of the mean frequency than does the Rp, bt
methods are comnparble in terms of overall accuracy. MW SU~rWil result discussd in example B
fiu kAV 2d-11ofeuto can be extended to many polyatomic moecules. It is

Lmmpe AThe rlw Rkand quaionfrequently the case that (41 ON wf for most of the nor-
mal modes of a molecule. With this assumption, re-* The 8~~~ulzer-Wieland equation (10,111 gives asutfrmhepvisscio el

simple relationship between the IhaP of the absorp
tion spectrum of a diatomic molecule and Its vibra- (hp) - constant and @2 . E52 sk,
tional temperature It states that the spectrum is
gauian, havin 02 Proportional to E., the mean v- where ia is the mean vibrational energy in the kthbrational energy including zero point energy. normal mode and 6k IS a consant for that mode. Fur-

Although previously derived from the reflection thennore, It has also been shown that the gaussianPrinciple Using (he liner Vf model discussed previ- shape Characteristic of diatomic absorption spectraously, a much more satisfactory derivation is ob- fe ple oplaoicsetaa el sI h
Woond by instead applying the U? to the harmonic Ofteno alkylt hal~dstk 6.cra i lan ther-

oscilatr moel f eampl A.Inded, or hatquency with Isotopic substitution [61 or with temper.
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ature are nut accounted for by this simfple model. state equilibrium geometries are similar. When they
These effects would arise, as in the diatomic case, if are dissimilar, a new choice of coordinates can often
initial and final potential curvatures are not identical. be made to maximize the separability of both Vi and
In general, the shift in mean frequency will bc given by Vf. However, on some potential surfaces (a possible
a linear combination of E'sL example Is the dissociative I B2 state of ozone) there

A specific case in which eq. (11) is grossly Inappli- may be no good choice of coordinates, the vibrational
cable is when *a~ final electronic state is dissociative motions being strongly coupled in every possible set
ajong an asymmetric stretching coordinate, ie., has a of coordinates. In ti case it would be inappropriate
symmetrical "hump!' rather thani a well. A (defined to use eq. (4) to compute (hW) and U2. Instead, eq.
previously) will be negative, hence, according to eq. (1) may be used if *I is understood as the total vibra-
(2a), (hi') will be strongly red-shifted with increased tional wavefunction, 001(q, q2, ... q1), and AV as the
vibrational excitation. An example ia the Hartley ul- total difference potential surface, AMPq1 q2, -. q1).
traviolet band of ozone, where the termninal potential In the light of the foregoing limitations, caution and
is the dissociative I B2 state 11 21. Vibrationaily ex- discrimination Is urgea in applying the formulas pre-
cited ozone indeed has an absorption spectrum that is 3ented here to real molecules.
red-shifted relative to unacited ozone [4,13,14I,

In treating a fluoreseence spectrum, it must be
noted that the Initial states that contribute to the A 1% k4dgt
spectrum are not simply the available states but con-
sist of only those states which ar pialypme This work was supported by the Air Force Goo-
at that specific wavelength. As mn example, we con physics Laboratory, Hanscom AFB, under Contract
alder the LFW ecra of polycyclic aromatic hydro. F19628GC.0028.
carbons taken over a Wde temprature rmp I IS).
The spectrum of pyren excited at 310 nm displays
an enhanced width at NO~ te~ ur fromj eq. (11) APPemil: Proo df eq. (1)
we may infer that both ground and excited vibwTepof o aaooat, u ipe
tional states are being excited at thsavelength. OnTepoffrnu~anlgu o u ipe
the other hand, the spectrum of fluorathee eted than, the following proof for n - 2:
at 325 n displays very little temperature dependence, (*il(&v)2 j*. (*l(Ef -&12#
so It may be inferred that mainly pound vibrational
states are excited. (*I'I 1 -(ilji?

- (*ilE'iEfIOi) +(*i ih ?j,
7. Lusltatom

where E'i and f denote hamiltonian operators. Let us
As mentioned previously, a constant transition substitute Ef -aE I~~ Of)E~(*rI. For example, the first

moment has been assumed in the derivation of the term of the above four is
above formlas. This approalmnation Is quite -o In
many instances (e.g., bromine fI IJ)I but may be un- (*Il*O) 1 *Ifl~f)Ef(*fI)
satisfactory In others, particulaly where the Initial
states are highly excited vibrational levels. A second

namely, that both initial and final potential functionsf

be separable into terms Vk(qj), where vibrational Dfe uVl*,S.a(lt),IS12 ; hn h
motion in both initial and final states is describable Dfinern is Zrl 2E? Simla (Operations o then re

using the same set of normal coordinates qgk. This ap maiming three terms yield
proxithation Is satisfactory when the Initial and final
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A t.dI sl pbm Asiw the Ihedmyt Ifdevsi"ifpelrdim of vibeuily uadled awus bmd upun
I A a-nrsistid dotVk 'Pm Speetrfom" su previous epeI"e1m'0spenAmt abomdon
nu --n-m-eI* N'e I~erus em in bs o a 3500 -' red ddijAd d sasarpde psr
of066 0*1 eli 46 thet siegtto ylhrsll NOW. wit rupuct to te pound Abatiand NO. The
dm- as.- -udi VI I uIs bmd to go*thds tion "'u1i11 of vibftd0os*l edasaw an md Fa na"Me

i~~urei p~p '@I' amtml 60ebC0 2 lift VdPiatg 7W en&tg digh~ta bNo ifond to sodskeml
with sls pase wih ~ird thse eioepe fo exita ftimamce wdth MA is ron

1. INTR "bUTIOIS the, ]Peft&-.Coftoe intensdity calculationis am the Hart-

The u railot abeorphoft speteMs of 018oe to My bad art oible to kriacipi. Unfortunately, such
-' mong the most imporams feutmed at ths mlcue moodb caltoiatioto have yet to be performed, ane

I.ao ifclybigtestogculn ewe h w

oeof the key speceft in; anltsspael ehthsr mjrdfiut eigtesrn opln ewe h w
Despietsve 00t * 0 1f AMI ftt Biertoba mitloi ft the upper "a. Nevertheless,
cerning this Haertley' doutbau , asugngt sa newlty it4~ttt m mntgG theS dhso the kattley

tturibw liv its b depe*dbnce I**h vlbrakonI oettcitton
300 nm. Another pobriy underudoWi yet Iplrm I. -0oii) Awnt~m *VU51POSOIbt e
ject conternit ptovertid of #*tils1 ty diteeS oftae, at*d '" *tdviddewoefeit myb
an abundant species formned Id the ().t1 [+ All ret~m-
bination proees.'" Tile utrvtotat A9eemh t fVtbra- 04qi, e q) Ot *gmtaq. Os,(1
tionally excited oA*wonis a poteatift! Otifed tntidedt andi tat the lower aid upper potential functionis satisfy
in stratospheric mo~tlng.

In this article, we dieteft cent experWimnW aow-V~
theoretical work *hie* shedthe OW h U& th de tik',- V(+A 5 ,1 q 9)(2

violet spectroscopy and kinetic pt090rt1e at vi60-
tionaily excited osofte The umtpe A Imne teetiniip *het 4h is tho'endtKitg coordinate ad ql, qs are the
utilized it ia(are'-tiravi*We dboWh rteonte Meet- symmtetic ad' syeyttic sttching cooits,
trostogi9, int which Mhe aym otmierlt ste ft mode 0%): t04Id tively. The essence of thiese eqoat is that
is pumped by a pulsed COg8 faver WAd the RaA'W~e 06 boningi vibrtional motion It assumed to hle decotipled
sorptionk ba1 to probed~ entioous VVMoa from the stretchift motions. The Meati trmanstkoh en-
The apparatus has Win dmscriise pro, ous"9; minor org at ihe spectrum (Ar> it &hn, givedi(see *q. (4) of

* modifications are mentlonid herein Simillar expert- ft. 01 bys
moats, have also bown petotmild indiptodimttfy ~ (e $j&V.e Ai

IttDWanmd lIthrath. ~" Tie' NtUVD*t *0th, tdmlind- (* (#U ,.
with absorption speetrukh dkta sind b h~dio ecit- + (Ag.t.mI A Vstuo,wmI*grttg). (3)
tion, yielfh a dow-coltenst moorl for *4ftw 'rho shift In- thet spectrum upon vibratona exctation is£ bo spectroscopy of vibtato onatetio 6m* Ap- . . b

I1 piastionr of thiSte t enablesg US to. Edtaianla tef Me-ni aemytu ewitna
I cobstats for vibfil' trg Wondher, obtin in- (how - w i..(*ai Am.~vo

formation, onthe IR lao settatiou gwoees, &Mand-4. Vjj 4 s 4
ae tise hypotheticat iftxwente of Vibrttonal excitation(4

Olt ont 9tratespheric estg* phlotolysis in tile' ultrovio~t ro- where the superscript refers to the bending quantum
gibe. number. This expression may be evaluated: from Sq.

(24) af Ref. 09 using the vibraionai frequencies derived
Ij . SPECTROSCOft~ ftbft~E fromi the ab WuOtO calculations, yielding a result of

Portios at the 0otenfiali nty surfaces for the #I"c- - 11 ct?. Thus, one may conclude that excitation
WI troffic staes invio1lvtt"Ih tija Frtay ultftvioiet tranmi- intoi the bending Mode *it cause only a small red shift

Uo e 5tottofom4 O-o4"ir; i the spectrum. The small magnitude Of the shift re-
*j g lionhav bee' otaind fom "i Milivompttatons; tttlts from both ground and excited eletronic stateI) ~ bonding frequencies being roughly similar. As it is

S ~ '3Proutnt addt'ear. 4pectral W, encos Inc., Burlington, Mas. also predicted from the ab *IM calculations (and has
@1603. been demonstrated experimentalym that the equilibrium

A~ Chwn. Phi,. 76), 1 irt. 1012 00914gOS/22201 uo.10 010I2 Amurtm Insftfs of Physln 2201
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bond angls are also quite similar in the two states, 500
only a slight change in spectral breadth with hemdng
excitation to expected. Thu., both (010 and (000)2
dates of oncee should bate Hartley absorption spectra A ~
al very similar shapes. Zaoo -, A

On the other hand exitatio into either of the stretch T v'
tg modes to prdicted to have a very large effect upon 290 V *j 111xoV

the Hartley bad. The upper potential has a double
the (001) state should yield a substantial red shift.'9W V
AWso at large displacements from the electronic ground
state glometry, the upper surface should hae a die- -400[
sedtative trench along the directions corresponding to
the stretching of each bond seprately; these directions FR3 2. Absorpion secetra of ozone in Mhe 2960-3350 reu-

* ane admixtures of both q, and qj coordinates. Thu,~ 5105, obtained by solution of three simutneoas equations based
one expects that at the long-wavelength end of the spec- 00 Eq. (5). Solid ourve is a. dashed ourve is am.

* brum, which reflects Franck-Condon overlap io the
trench, region, both (100) and (001) states may hae com-
parably large absorption coefficients. The spectral model expressed by Eq. (7) is sublect

A spctrl mdelfor he artey and o siggded to experiamental verification. Several independent tests
Ayd seal mdlcusfor the Hatly be Isumaie as which lead support to this model are described below.

* folows. Denoting Ps, as the fractional population of
go electronic state ozone in the ( i k) vibrational A. Tempeseiw 1eeds.
stat, having an absorption coefficient cu&(O&, than The most comprehensive study of the temperature-

.4at low etctatlon dpsuIePse of th Hartley bend is the work of Simons
~p*~p~,~(g) Ot a. Uwho easured spectra at-200, 300, and 333SK.

Deir has provided s with the absorption coefficient
where from the aboove arguments 4sup %0. Further- data in tabular form, which is used in the following

*more, undet conditions where P&O and Po are in cluain.From 114P. (5) and (6) we can obtain a
equilibrium, their populations are in roughly the so e-eameler equation
relative graortin, at adabove rombempersav.
Therefore, we may write 4 Plu fm +eepw si +(Pow +IiPOO(40 (6)

*0 4M+* 0&4M(P 1 P t)(C, 6 from which It is possible to solv explicitly for cu,
es, ad t* given the three experimental specta. in

where c* is the popelao-weigled average exictionl practice, the solutions are very sensitive to experimen-
coaficient for the first excited stretching modes. The tal erroats, such an normalization of the spectra, due

*final result in to the wealness of the temperature dependence. For this
,[-Pow P64M(PM P440(7) reason, we have restricted the analysis to the spectral

P~ee Fha~4em( ~i~ ~region where the temperature effect is greatest. The
which is a two-parameter approinimation to the vibra- solutions of Eq. (6) are depicted in Figs. 1 andl 2. The
tionsily exid Hartley conltmm "nois" arises from the small amount of structure

present in the original spectra. it is observed that, to
within the noise level, the hypothesis ta m Wi
cosirmsed. The conjecture by Bair and others" that

em is red shifted by - 700 cm" relative to m appears
2 to he unjustified.

1200S. IRUVDR expeflfmna

In the lmtrared-ultraviolet double resonance expert-
w ~ments, " the CO& laser populates the (001) state, which

.5 rapidly equilibrates with the (100) state; then both levels
decay according to the same double exponential function

w as is observed in Infrared fluorescence experiments. 1 81 4

301" V V 3 EquatIon (7) implies that the absorbence transient ob-

________________________served following laser excitation should be proportional
to the excied stretching mode population and, thus,

255-350 Aregon.Dased urv inthe~"* has previously been demonstrated in the 254 nm re-
dion ofthree simsulceus equations based an Eq. (5), using
speotra of 200. 300, and 333 K from Ref. It. Solid cur" is gIon, and new measurements using interference filters
obtained by setting cmoto* ad using only the 200 and 333 K at 289 and 313 nm also yield the same results. The

spoctra.rate constants for vibrational energy transfer measured

J. Chn Pity,., Vol. 75. No. 1. 1 Morc, 1982
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Another test at the- aseumpifo. &tha d 4. a& aw WMI tecndcat of OOettton is aset~~e below,
derived. from am wavelengnh dkidiiW al SoSe. D
transients. Aecardlig ft Xq. (~ Sil eOnq @I' 0-W
spectrum with. leniperahv, being due @of C. *00b4,o hoP~hsue tvkslae
excited In the eoretchift modes, ehoumue wid so 41 10
laser-induced ttmisienti. By adding a I'eluIlri "br Aftording to Sq, (7), ie to octawto determike

*to the proviou*t dbectled gMpeattua1, w mnbd& t$(V is Orcd" to explein "tiaet~ wo, I" ft e of
the magnitt atv the ilitialt tWaslun o a ma w of ea" e014 lie low lievelO al t xiatn. There an two
wavelengths, relative' to doat 2M0 sma. #4 o edie W ways Sl bb 'd 0, dii most diftt bffinft the&
by using an appropriate seating factor, tWe 1mw-li- A09 triefe h mWdfett . nEksde
dued transient could indeed, oppwms& 1w . OMNIN atlsl ~t **Akt*~ 60. Oilruift* aictfts o*WM
perature-inducod absorbents, s.b p washer *ol, asi. fwftid In thle later pbtst, as acte aboe. h I~W At of-
shown in. Fig. & Thor sdlV reod.il d theO spetrao TiOla seetuml We oo ift' A~WU s hflowe Owiation
derived from URUVD* relatve ih tkat derived tam she fOw the empertmontal conditions of Ids.- 6 ad 7, Vis.
temperature dependeade' a" be6 dime ft a' sma qmi (V. 116*. OM,f *ft.~o'n~oe~ aeile s e
of multiply exulltd vivrionaIs"eel. VS69*111thitasmosed lsMen- to dIe do~tralsi of

00. the spectrm sho a broad peak at 2350 A and
Seveal the IRJ~lW msau'emntVwe ~ht at tall' oft somewhat more sharply to'the blue ied to t

testing~emi theif apcts aodri deelpe horu. Oit moe-n two A.
surement involves, choosing X'., 21V tim; vhww9 aws i%-,r~hll 11 i vle taon
stalltamiecus' laser fruwwm* is found! Sobe SM' MOnW Aoerway It obtain 90 IS &fro the difference be-

4m= c*. If am were, ogl~cautly diffbersti Mro it at tom spectra idln at different teMlperutlires. figure
that Wavelength, then a. transient correspnding to .(010) 4 d400100 94' detiordlided froili the b and 200 R spectra
populattion twould' appear. Ibiiweve%. nAnS IS ob1meved,. of demint et al. 11 lNe So' the Wiahifth at tim tempera-
either in the current or lb previous *ort.?I A, small, tuft dspilldnce the spetreim is not highly sectMitW,
gradual, downward alhift' air the absoabufice dos occur depoetafty awgy, from tOw M'd'd A possible' erfor in
on a relatively long tths scale. We secrii this Soirre- relative normalization; of the or iMia spectra Would. be
faction of the sample' caused by thle temperaturo rise ispe olly troobleeon. andL a residue, of aitruetlre in
accompanying the V-w1procesas. those ipbera'gives CO to aftficeially Jagged appaearne.

Despite thelfe difftciettelis the spectrum is strikngtEquation'(7) may abo~ Wb an analysis- ofslrIsteIlv~trmi~fRe.7 h
IRUVDR signals whihpussmssi a- db*e dcay comkponen t, u loer togrsmlnet h

-'suehs those at, 3100k &dispilfyod'lh 1151. 6 Mhit T. preursaoo'f apectron rbsedbylsevea tother doing
This component has tUM sulnddto thermally e"Will- tomtior spt cn rm ogen~ at seatm oher pri-
bratft ozone, and its magnitude is therefore related euron of amd'whnc haom boxyen acit atospei plres-n
to the quantity alf vibrationalLy excited cozone initially mt *oe
formed. For the doat cI es. 6 sMd 7i Sq. (7) pro-
dietw a fractional excitation [(O.1Ito of~ 0.11is In summary, the approximate shape of the C* spec-

4:J.' Clan. my^,s. Vel. 76, m. 6, 1 M9Mh I=6



81160 goonta IS that Coo 9@ at 289 om, making17

3 dstqimhbetween those hypotheses one should take
Neer ism of eemparable sensitivity over a range of

wveis e It being uniely that c" em for nil weve-
leNooks. we have carie 04 memI measurements in
the 31 and 310. region. wich yielded similar results
as at 239on however, dee to lower sensitivity the
case pressures required were several dim greater.
Thus, it is ad possile to establish unambiguously a

ow 2 -0 3W vale for the (O0l) -(100) equilibrium time from tis ex-
-ermet.

11. 4. The Hartley absorption spectrum of aonge. The IL Vibuutn wwW depsiio Olowq C0 2 lowv
dased curve is the 200 K spectrum. and the solId cumv in doe -d&tin~
vlintlomlily aotod spectrum 9~ a portion of which to die- Te exiato of molaer species by high-intesity
plaled in Pit. I. lofraried radiation in a widely studied but still isco.-

pleel anieretood process. 0At very high laser in-
tenitlee, -so is vsparsd to aniergo multIple-pholon

trum hae been detemined from both the temperature dislin' at lower intesimties, mshb as those avail-
dependlence of the UV absorption spectrum ad thefrma o=WC Inrb mtexcain
MYUVDR masurements in Ref. 7. While more accate pn - fo sen y ose e o aser, beamy the sonitakes,
dabtaon tim Hartley absorption continuum are clearly the low Intenslty excitation regim may be mare readily
needed, tbe existing dat are useful for a number of unesod eseial given dom wel-now spectroe-

appica~on. Several. sush applications are discussed copy of the low vibrational, levels. The VtUVDK meth-
in d folowng sctin.ad provides a convenient and memitive technique for
111 APLICTINS F TE SECRALMODL measuring tdo fractosbw exsitation of Oman 109 /
III.APPLCATINS O TH SPETRALMOOE (oJ,,. 4. We denote this quantity by (a), the man mnm-

A. R~e posl far -ibMice pg W 'Wtratl ber of MR photons abeorbed by am~oll, simce at the
The alteration at the Hartley Continuum caused by low levels of excitation studied bare the population of

multiply excited osane molecules Is negligibly small.
virutlema excitation finds a very useful application In we present experimental reenlt for (a) as a function
a*e determiedlon of rat constants for vibrational en- of toa pr.ssure (0% .04), and infrared frequency

.4 erg treiufer by IRUYD. ats etreml high "mi- and fiuence in the single-photon regime, along with mod-
tivit and the @beoom of systematic error may make it el calculations wich aid in interpeting the data.
the method of choice for the Study of relaxation rates
for t singly excited vibrational levels of aonem, as
has been daise ed previously. ' In Rot. 5, we esi- 1. ExpeifDSltI ffl5Iurvllts
mated a arude lower limit for the rate of the rapid t% Moat of the data were obtained from measurement of
s sk equilibratio process, on the order of 10' the UV transient using a 289 an interference filter.
Torr' 94, from the ladhuon time" of the initial Colear Ifrared and ultraviolet beam vere employed

nWV transient. Theme measurements hae now in a I = 20 cm cell, care being taken to Isure complete
bae repeated at much lower ozone Pressures, using overltap of the UV beam by the OR bam=. The sensitivity
an impoved apparatus, employing collinar infrared was sufficient to allow single-shot measurements cc the
and ultraviolet beams in either a 120 or a 20 cm, cell, transient Infrared flece passing trough the rear
simiar to the configuration of Ret. 6. Using an Itier- iris with the cell evacuated was measured with a
feresce filter at 230 am, the wavelength of greatest Scientech 380103 power meter. The fluence measure-
sensil~y, we were able to achieve a detection limit of Mato reapesn an average over thm beam area, the
about 1000 molecules cm4 of 0, by averaging over mv actual beam intensity displaying Interference fringes
ergl Imese lasrplms. At a total pressure of 0. 07 resulting from passage through the irimes and a ger-
Torr the tranglent was observed to be essmnially in- maniu. beam splitter. Thm -320 am bandwidth of the

stNtn I to within the combined response time of the UV filter posed a potential problem de to wavelength
e acrnc and laser pulse width, around I or 2 u~s. variation of absrption coefficients of 0% end 0C.

This, the previously reported induction time should be Fortunately, however, the 29 nm wavelength lies near
*attributed to electronic interference from the laser, a flat portion of the &4 .(0 -cm curv (am Fig. 3).
*z rher than to any kinetic process. A reasonably well-determined value of Aem 2. x 10'

Thee a tw posibe epkesfinsfor th vitaly iner' c:64 (base 10) may be therefore assigned on the
NOrear onso possibe expantinOets tah basis of thm spectral model in order to relate the

(00i)o( 100) equilibration occurs within the observed transient abeorbance &A to the quantity Of 03poecd

is time, requiring a nearly gas kinetic collision rate. via the equation &A - 10:11&.
Sinme tim energy transfer per collision Is only 60 cm 41, Despite the wealth of evidence presented earlier to
this explanation Is certainly plausible. A second Pam- support the basic validity of the spectral maol, its

J. Chev". Phys, Vol. 76, No.6. 1 Marsh IM6



Ade-is t p s up of vlbsuonlr ached ogoiw 2205

ahegalsae eura sY Me nWA Yet been OUmatlllui. leWss,18
the valse dt &4 clAted n ab , ad Owm the earrespandlqg 0.0S
vale of (a), awe d "knbown see"Msy. We tewatre
onte out a double ehes; an the above a~hh far' do- Om - 0
bermiolgs) W y IVWas a ullletly hMgh Preeare at
0A ani to"a Peseur (-$ To"r O Is0s To" Watl OAT07
Pressure) to nidain eausralale, Wtemumtiom of the CO&
laser beas during paae through the cell, thuis **- OX* - P16)

Wilahing a direct dermlaation of OsgoOWitdararod 402
esawg. Ilatrtunately, the UV optical density 1t that5
oam" PremNW i I" oPea to Permi# a sla4ltuas
masureme of the 249 tun transient. We eireowavented a0
that problem by Using a 211 am lateleresse filter in-
dtead, and usoting tOe 6A valve meswed st 318 m to
a lupobetlel VaOW at U9 ant, ueing the prevoasl
masured rat 11POWees1 tof IRUV taseasleas at the
tWo wavismatbs. Ih" rseWg vaow at Wa was dahed
46%lower thai Oda dsMimi direftl by latrasil P(36)
tttiidMW in wue "ePfastmqart . Conesier. Q0
lag the eetulmtle is tho msatd Nod In tim

ileds, 0004l Iod wWA WWsOo .1t 2 3 4 5 6 7

We eusid that OWe I b Pi IN terasmint (as) FIGl. 6. EUperiUWDISI dependence of1(a) upon tota pressure,
from MUVP* kioinot No he goet t a Ouaemntl fo Cot Piss) ad PON limse, at a O"eae of 0. 034 van% amd
as at VP o 45. swearw as Hi ltt that sls a eamP"sIttas .11 owl no in Oxygen.

Of thdW POis dleveWW Ia #slte to Y~N tee tlOss ployed
insR 1W etdwh soeehooidot dhe w8 hish follow, TypIeal ezgpewlmsntal results, for Wa ane deplcted In
tame at tower degres at eselt ad is the as Tip. 5 through 7. Pumping of osone was observed using
sat besiPee ftW, -* Pest om" d s duvarbty batter all of the available C04 lase lines in the 0. 6 pm P
accuracy. The Preeleu t - luidusI aeasuret,0 waeh, Nom strongest pumping occurring with line, such
arising prleipsll free vartates ts Udvd lase as 13) and A( 10, that are, ronsat with Q# absorption
fluefce passing thrOg the Goll, is as the order of Ites (ee pig. 5) With a sampling of bath on- and cuE-
*20%. resonant laser lins, we lound (a) to be linearly propos -

fioseS to isles Pressure (at a fined eases mole fraction)
0609-to withia expewlmes" snow Is the I to 0 Tort range

studied (we Vie. 6). The doesde.Ioo of Was upon laser
Cldguistod flues. was stume by attasatin the laser beam with

(107 W Eamwlmsal polyethylene sheets. With several all-resmant lines,
the signal was fond to be linearly proportional to

O.O -- fluen~t Wu with an-wosat lUses the amplitude of the
IRUVUR transleat showed msarhed saturation behavior,A0.05- as inshamn in Fig. 7.

0.046

0.0.06

-~~ 0.01-.0

J , ~ ~~0.03-AP(4

VIU. 5. Mean f ractional Wwlkaton of usca. by CO. laser ir-
radiaton, for different laser lines In Lho 9.0 Gum P b~ranIch. 0 OI Q0 do i 0 0 5 I
SolId bars denote expurimenssl data, open bars deote muft0i.900 00 .4 0 0
calculations (su the text). ui'.ww pressure iu 0. Ii Torr, oxy Fluonce J/cmt
gten pree~uurv ins 2.4 Tort. Thwe (xlinrimnLta laser fluenue Is FAU. 7. Uependsou of (A~ upon lasr financ, for on-resonance
0.0Q4-0. 00 J/cnm' lur thes linus, .0.05 Jom birng used In the C0j laser lines. Soid curves denote model calculations (see
musk-d Calculio~ns. the text).
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kj by assuming steady-state concentration in the optically 19.

_00 coupled sublevels
1001) d(n) ' (9)

where w a.Ah + -0,) the equilibrium population in the
pumped rotational sublevel. Integrating over the laser
pulse duration and summing over all ozone absorption

kr  kr  lines which appreciably interact with the laser radiation
yields the not (a) value. (In practice, only lines within
about 0.1 cma of the laser frequency need to be included
for the maximum fluenee considered here, approximately

ki 0. 05 J/cm'.) The radiative rate constant h, can be
written as

1000) -I(T/i~(0

k.1  for monochromatic radiation. In the present situation,
Sq. (10) must be modified to take account of the dis-

_ _ tributlon of frequencies in the laser output arising from

optically coupled all other the longitudinal mode structure. This can be done by
sublevels sublevels integrating Eq. (10) over a normalized intensity din-

tribution function 1(P), to be specified a little later,
FIG. 8. Kinetic model for vibratlonal excitation of ozone in the giving
laser field.

-. k ( f ) 1 o(P) dP/hAw, (11)

The dependence of (it upon mole fraction of oone was where P denotes wave number in em', 1(F) is the radi-
not explored, dilute mixtures of osone in oxygen being tion intensity in W per cm per cm" , and o(V) is the
used in most measurements. However, some observa- photon absorption cross section in cm' per cm1l. The
tions were made using the COs P(3o) line and the ap- cross section o(1P) may be approximated by the homo-
paratus described in Rd. 5, which demonstrated de- geneous line shape function
cressing values of () with increa tng r oneen, S (2
tration, especially at high values of W. This ma be 00) T' -V +l( M (12)
due to attenuation of the laser beam upon transmisslon
through the sample. As the ozone absorption lines are where S is the integrated line strength in cm', P the
quite nrow, they may be capable of selectively ab- resonant wave number, and OP is the half-width at half-
sorbing the most closely resonant frequency components height of the absorption line. We assume that inho-
of the COs laser output, thus "burning a hole" in the mogeneous broadening may be neglected.
lr 'n otp ot spectrum. This point is discussed mo The und Lorentltan power-broadened line shape

fully In the following mtion. expression for absorbed energy versus detunina""

2. Excitation modl may be obtained by combining Eqs. (9), (10), and (12).
The use of Eq. (11) instead of Eq. (10) simply gives

In order to pi insight into the experimental results, a broader function. No attempt is made to incls., the
we he carried out some model calculations for (a). effect of laser beam attenuation; thus, this treatment
The kinetic scheme utilized is depteted in Fig. 8. In is aplicabte only to optically thin samples.
brief, the upper and lower rotational sublevels as- it remain to find apprprit input parameter for- sociated with an osone orption line near the lasr
so s l athe above equations. The llnewidth 8P in taken as the
frequency ar opticaUy coupled to each other in the collision-broadened half-width, found to be 0.06
presence of the laser field by the radiative rate con-': em" stsnt for 01nd coreio sodmo 0. 15 olinonll atfpl
stat k, and are assumed to be collisionally coupled coztfor .-O, c o on n 0.s15icm s are
to the remaining rotational sublevels in each vibratimd t fo o. the inte line itnsiarestat bythe seuo-fist-rder~ ~taken from Ref. 27, and the integrated line In~testiesstate by the p s udo-first-order rate o nt ats k and a e f o h a e r f r n e u u t p i d b .1 3
A.t . This "four-box" model has been previously em- are from the same reference, but multiplied by 1.112,
ployed by us to describe the kinetics of infrared mur- in accordance with more recent work. The population

lion,80 passive Q switching,1 od infrared doble- relaxation rate constant h1 was set equal to the dephasing
resa ce experiments employing .so dtun- rate constant 4 -2wrO1 in accordance with observations

bl elasers. In the pressure range of interest on similar molecules." The temporal shape of the laserarble diode le e s laser pulse is an important input variable; we determined this
here, vibtnalectivao dexperimentally with a photon-drag detector. It s a
p51. rosy be negletd, typical "TEA-laser" pulse profile, with an initial spike

WNle tMe model depicted in Fig. 8 may be solved of 40-50 n duration containing -60% of the total pulse
exatw, " a much Ios cumbersome and sufficiently energy, and a low-intensity tall, lasting a little less
accurate solution is the following expression, derived than I tis, containing 40% of the pulse energy. For

J. Chim. PhV., Vol. 76. No. 5. I Mid h IMes
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Adler-Golden at a.: Spectrooopy of viifaoaliy excited ozone 21.

tational energy alone does a explain the observed 45

temperature dependence. n Recent Investigions

have suggested that vibrational excitation is also im-
portant in the photolysis process. Zittel and LittWs"
have observed a greatly enhanced O('JD) productiono
cross section in the red end of the Hartley band follow-
Ing IR laser excitation. They ascribe this effect to -
vibrationally excited osone having a large absorption
cross section in that spectral region. The temperature
dependence of the absorption coefficient, as seen,, e.g.,
in the data of Rf. 11, is consistent with that premise.
Hudson3 ha utilized those absorption data in quantum . . . . . . .
yield model calculations which give good agreement We 1 4 323 &6
with experiment. A drawback of those calculations is (04 csaI)

that, unfortunately, the absorption data alone are not FI. 11. The ratio c/m In the 31300-32S00 cm'- region
sufficient to specify uniquely a spectroscopic model for (solid curve). For purposes of modeling the O(D) photodis-

the osone ultraviolet spectrum. soolation quantum yield, as described in the text. the smooth

In this paper, we have presented a model for the dashed curve is used instead.

-- Hartley absorption spectrum of vibratonally excited
", ozone, based on Sq. (7), which is wll-supported by theoncpcalculation. The quantum yield for the ground, first
-, IRUVDR experiments, and thus can provide at reason-e ihdexcited stretching and first excited bending levels are

able starting point for O(D)) quantum yield modeling, computed separately, weighted according to their ab-
Extension of Eq. (7) into the longer wavelength Huggins sorption coefficient and population, and combined to give
isgion poses no conceptual problem, even if, as has the net O('D) quantum yield Q as follows:
been proposed, " the Huggins bands belong to another
electronic transition. This is because we can reasonably E P
assume that, in the fall off region, the major contribution E i( a P(1)
to the vibrationully excited spectrum is the tail of the where cgjj,, Pjj1, ad Qiji are the absorption coefficient,
(100) plus (001) excited ozone spectrum depicted in Fig. where d P4 1 /, an Q iedare sptin of
4, and belonging to the Hartley transition. Even fur- population and O() quantum yield, respectively, of

ther to the red, where the "hot, Mmuggna spectrum ap- the (ij j vibratton level. Accor4ing to Eq. (17, this

pears to be discrete, it is still found that transitions reduce to

originating from (100)- and (001)-excited ozone possess __s(_P_ _ _ &a__ Qua) + (PeQ_
greater intensity than those originating from (010), 4 c (I. p*) + epQ , (14)

and thus dominate the spectrum of vibrationally excited where P* =Pies+ Pol. The above equation requires
03o06. knowledge of c e in the fall off region, which is taken

Proceeding with the calculation according to the moth- to be the ramp function depicted in Fig. 11. The O(1D)
od of Moorg et at. we assume that the total internal threshold energy was adjusted for best fit between cal-
energy (vibrational plus rotational) adds fully to the culations and experiments, yielding a value of (32 900
energy acquired from the ultraviolet photon, and that *100) cm"t.
for a given total energy the O(/)) quantum yield vartes The comparison of experimental and calculated re-
as a ramp function from zero at a selected threshold
energy to unity at a higher energy, taken here to be suits appears in Figs. 9 and 10. Good agreement is

600 cm"t above the threshold. The classical density o seen in the wavelength dependence of the quantum yield
rotational states Oc(,)iSl is fully satdnfatory for this over the 305-322 nm range at both low and room tem-

peratures. At 313 am, the agreement between the cal-
culation and a large number of experimental results is
excellent over the full temperature range studied. It

0.8 should be noted, however, that the long wavelength
tail above 313 am, appearing in the Brock and Wateoa'

"O.6 data depicted in Fig. 9 and predicted as well by this
calculation, conflicts with the majority of experimental

0.4-.studies, which instead show a more rapid decline of the-quantum 
yield. Until thi issue is resolved the validity

0 . of the model calculation remains open to question. Its
0.2 success at and below 313 nm does, however, suggest

0.0- 00that vibrationally excited ozone does indeed play an
200 220 240 260 280 300 320 important role in stratospheric ozone photolysis.

Tempereture (*K):! IV. CONCLUSIONS
FI. 10. (X'D) quantum yields aat 313 rum vs temperature. 0 IVCO LUON

oRef. 33 data, AwRof. 34, o.= Ruf. 33, X aRf. M11 uoWl A model for the Hartley ultraviolet spectrum of vibra-
line is the model calculation duscrlilld in thu uxt. tionally excited ozone has been presented and applied to

J. Chem. fyt.. Vol 76. No. 5. 1 MIch 112
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* problemns involving vibrational, energy trasfer, infrared Chemicul Processes. edited by J. 1. 8telnleld (Pleenum.
mogy dpostio resultig fro pupn by it W Nw York. 1961). pp. 1-44; C. D. Cantrell, S. U. Freund.

* ~ ~ and J. L. Lymn.o in The Laser Hhmihoh, edited by, U. L.
tLaterWl NIwanbe simple poehte501l#4 1 Stitch (North-ollwWan, AmsterdamP 109. Vol. 3, pp.
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CARS Detection of Ozone in Vibrationally Excited States

Since the discovery of the role of vibrationally excited molecules

in atmospheric chemistry, the spectroscopic properties and kinetics of

such moleclues have attracted much attention. One of the more impor-

tant molecules inthis context is ozone. Vibrationally excited ozone

is formed in the stratosphere [11 by the recombination of oxygen

02 + 0 + M 4 03 (v1,v2,v 3)

The initial population of the various vibrational levels as well as the

mechanisms of relaxation to the ground state are still open to specu-

lation.

To study vibrational population distributions requires sensitive

detection techniques, as the population of each vibrational level may

constitute only a small fraction of the total number of molecules.

Recent advances in laser technology have made possible 'oe use of many

optical techniques that were unthinkable only a few yo&ts ago. Cohe-

rent Anti-Stokes Raman Spectroscopy is one such technique [2].

CARS is a third order non-linear optical process which involves

two photons of light at frequency w1 combining with a photon at w2 to

produce a fourth coherent photon at the anti-Stokes frequency,

W3=2w 1-W2. The process is greatly enhanced by the presence of a Raman

active transition in the medium corresponding to wI-W2. It can be

shown that the intensity of the CARS signal is proportional to the

square of the number density of molecules in the state of lower ener-

gy 121. In this way the intensity of the CARS beam can be used to

monitor the population of the various vibrational levels which are

Raman active. The advantage of CARS is chiefly its sensitivity. It

q!~~
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has been shown [2,61 that the CARS process is inherently several orders

of magnitude more sensitive than spontaneous Raian scattering. In prac-

tice, the sensitivity of CARS is limited by other third order nonlinear

processes. It is usual to split the third order susceptibility into

two parts, one that contains the terms which involve CARS and another

which includes all other third-order nonlinear processes. These two

(3) (3)susceptibilities are referred to as XCARS and XNR respectively.

The high peak power of Nd;YAG/Dye laser systems lends itself well

to CARS. In partiaqlar, Valentini [3] has obtained the CARS spectrum

of oxygen by using such a l~ser, The second harmonic of the Nd:YAG

at 532 nm is qsed Poth as w apd also to pump a dye laser to produce

W2 • The beams impinge on a sample of ozone. Under the intense illu-

mination required the oone d*ssQciates quite rapidly, and so a spec-

trum of oxygep wag obtained, The lifetime of ozone under these condi-
tions has been estimated to g less than 1 pae.

Recently, the Raman speotrum of ozone has been recorded by using

the fourth harmonio of a NdYAG laser at 366 nm as a pump [4]. Ozone

absorbs strongly at 266 nm [5], In fact, the absorption coefficient at

266 nm is about ten times the coefficient at 532 nm. The Raman spectrw

then is greatly resoqnance enhanced; this enhancement may be of greater

importance than the decrease in ozone concentration due to dissociation.

This suggests that *t coul4 be possible to observe a CARS spectrum of

ozone if the apprpiate excitation wavelengths are chosen.

We plan to obtain the CARS signal from ozone by judicious choice

of excitation wavelength. The intensity of the CARS beam can then be

used as a probe to monitor the vibrational energy distribution. The

a~ailability of a high power Nd:YAG/Dye laser allows any of several

possible wavelengths, The excitation beam, wl, can be 532, 355, or

266 nm, with w varied appropriately. The Raman spectrum at 266 n

-S2
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suggests use of this wavelength. The intensity of the CARS beam at

4 2the three wavelengths are estimated to be in the ratio 10 :10 :1 if

dissociation is not considered. The pressure dependence of the CARS

signal is shown in Fig. 1 for the three wavelengths in question. A

(3)typical value of XNR for gases at one atmosphere is

2.4 x 10- 8cm3/erg [6]. This susceptibility was scaled to one torr

and a "signal" calculated for each wavelength. This value is plotted

as a short horizontal'line along the left side of the graph. These

non-resonant photons define the detectivity of ozone in one torr of

buffer gas.

To date, a strong CARS signal has been obtained from a low-

pressure sample of N20 gas in a static cell. CARS experiments on

both ground-state and vibrationally excited ozone are planned to be-

gin immediately following installation of the required digital signal-

averaging equipment in the Spectroscopy Laboratory.
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Infrared Emission and Absorption strength for N5N

14 15Dipole radiation from N N in the 4.4-Um region has been sug-

gested as making a significant contribution to the infrared luminosity

of the upper atmosphere (Gordietz et al., Planet. Space Sci. 26, 933

(1978)). This is based on an assumed Einstein emission coefficient

A1 0 = 0.02 sec-1 . We show here that this estimate is almost certainly

14 15incorrect, and that the true dipole strength of N N must be many

orders of magnitude smaller.

Dipole-allowed transitions in homopolar neutral diatomic molecules

which are heteronuclear by virtue of isotopic substitution arise from

breakdowns of the Born-Oppenheimer separation of electronic and nuclear-

- vibrational motion. For the best-studied case of HD, the transition

moment p10 has been measured to be 5X10 "5 Debye lD 10-18esu-cm)

(McKellar, Can. J. Phys. 52, 1144 (1974)). We note the relationship

between dipole moment p10 and absorbance,

2 3hc 2 + 11 f n o( (1)
ra w3N i+ pIVo IN()Ilni= 8,tNoJj PJ

(0 4
Ai

which can be evaluated numerically (with Rnm = ,/10l p in amagat,

I in cm, v0 and 6v in cm - )1

i ~nm 2  189 0 2 1  2 1 + 1 1 n Io0 6V 12R -(894XlO ) + i 1 P k (2)

rn p + 0 J )lpeak

We can also find the A coefficient from

647 2 3XO-7 1 3 iRnm12 (3)

0

with A0in cm; A 10 -3.75X10_ 5 sec-1 for HD (l*0).
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The theory of the nuclear-motion-induced dipole transition

moment (Bunker, J. Mol. Spectroscopy 46, 119 (1973)). gives

P110 = Urot(l,0) + Pelec(1 ,0) + Pvib(l'0) + Pvib(1 ,0) (

The several contributions are generally of varying sign and thus

partially cancel; but their overall magnitude is determined by the

mass scaling factor

a2U) - (mamb) /ma% (5)

The ratio of (W d "  for 4NSN to that for HD is approximately
--- (214NISN

(5XlJ 3)/(0.5) 10"2; thus, we would expect R1 0  N N)1 at

(102 (5X10 5) =5Xl0 " D. This corresponds to an A10 value from
-9 -l

Eq. (3) of 1X10 9 sec , not 2KIO- 2 as in Gordietz (1978).

Using Eq. (2) with R a , P-0.2 atm 0.2 amagat,

1=20m - 2XI0 3 cm, and 8v(N 2) 0.03 cml- we calculate an expected

peak absorbance, tn (Ia/I) 4X10"61 As best as we can determine,

the limiting sensitivity of the Laser Analytics L8-3 diode spectro-

meter, using derivative detection, is about I part in 10 to 10;

thus, direct observation of 14N15N dipole absorptions should be

impossible.

The A10 coefficient of HD+ has been calculated (Bates and Poots,

Proc. Phys. Soc. A66, 784 (1953)t quoted by Garstang in "Atoaic and

Molecular Processes" (D.R. Bates, ed.), 1962) as 18sec. Vibration-

rotation transitions in HD+ have been observed (W.H. Wing et al.,

* Phys. Rev. Letts. 36, 1488 (1976)) in an ion beam experiment under

.4,, ,,- ,:. .. .. ,.. '.,.-..-.-;. . : ".-. '.' J-'T ".": ". ; 'T": ;:"/""' : ' ",- "'" "
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conditions which made it impossible to determine I 0(HD+); but the

conditions of the experiment required a strongly allowed transition,

which is consistent with the preceding. estimate. Bates and Poots

also give an estimate of A10 ; 2X10- 2 sec -1 for 14N N +, which was the

___ 14 15value taken by GOrdietz et al. for NIN; this is incorrect, as we

'* will show.

The dipole operator for charged species is

"".- [ 1 -2 (6:i =1 e (l+ m2 R 6

* The first term, which arises only for ionic species, is about 3 orders

larger than the second term (in electron coordinate Z), which is how-

ever the only term contributing to P10 for neutral species. This

accounts for the 7 orders' discrepancy between the value quoted by

Gordietz, which is appropriate only to ionic 14N15N+, and the estimate

made here of A10 = IXl0-9 sec -1 for neutral 14N1 5N. Note also that

the term in I scales as 1/pi " (m1-m2)/mlm2 (Bunker, 1973), while that

in R scales as (m1-m 2 ) / (m1 +m2 ) ; this is reflected in the

A10  14 N 15N+)/A10 (HD+ ) ratio being - 10- 3 , while for the neutrals,

A1  NN)/A10 (HD) = 10-4. To put it bluntly, Gordietz (1978)
(14N15) 14 14N5N+

made a basic error in assuming A 0  NN)= A 0  NN), which

invalidates all his conclusions about this source of infrared radia-

tion.

Another possible source of infrared transition strength for homo-

* polar molecules is quadrupole radiation. The S1 (0) quadrupole line

of HD was observed by McKellar (1974), from which he derived

6(1,0) ~ 0.3. Debye - A (1026 esucm2) A theoretical estimate

J -
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(Cartwright and Dunning, J. Phys. B7, 1776 (1974)) for N2 gives
S

z (1,0) !" 0.05 D-A, only half of the HD value; thus, the dominant

radiation of N2 in the 4.4-Um region is expected to be quadrupole

transitions.

Conc lus ions

Infrared absorption of 14NisN is expected not to be observable

with stated experimental conditions (0.2 atm, 20e path length, LS-3

diode laser spectrometer), by roughly two orders of magnitude. If

the Gordietx estimate of Al0 - 2X10"2 sec-1 had been correct, the

6absorption coefficient would of course be enormous [In (Io/I)>0 at

line center] but it is so nearly certain to be incorrect that a null

result can confidently be predicted. The considerations given above

suffice to show that the contribution of 1 4Nis N to upper-atmosphere

infrared radiance can be neglected.

iI.

"2*
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